We analysed asymmetry in the wings of the speckled wood butter£y (Pararge aegeria) by measuring area, length and width of fore-and hindwings. The type of asymmetry is £uctuating except for fore-and hindwing area, and forewing width in males, where asymmetry is directional. The amount of asymmetry (variance of the left wing minus the right wing) is less in males than in females. Within males asymmetry was directional and less in pale, predominantly territorial males than in melanic, predominantly nonterritorial males. Asymmetry was negatively related to growth rate within females, but not within males. Females grew faster than males, but had higher asymmetry, whereas the more asymmetrical melanic males grew more slowly than pale males. The di¡erences in the type and amount of asymmetry between the sexes and colour classes suggest a relationship with sex-speci¢c £ight patterns such as the territorial spiralling £ight of males. We hypothesize that slightly asymmetrical males turn faster, and therefore are superior in territorial disputes over more symmetrical or extremely asymmetrical males. This implies that sexual selection via male^male competition in£uences the type and amount of asymmetry. The existence of more extremely asymmetrical individuals in females, and to a lesser extent in non-territorial males, may indicate that there are costs in reducing asymmetry.
INTRODUCTION
Three types of asymmetry can be distinguished: £uctu-ating, directional and anti-symmetry (Van Valen 1962) . Fluctuating asymmetry (FA) is de¢ned as small random departures from anticipated bilateral symmetry (Markow 1995) . In directional asymmetry (DA) the departures are not random, but biased to one side so that on average either the left or the right side is larger. In antisymmetry there is also a tendency for one of the sides to be larger, but half of the individuals are larger on the left and the other on the right, so that on average both sides are equal. The distinction between the three types is important: both directional asymmetry and antisymmetry are thought to be adaptive and caused by genetic di¡erences, whereas £uctuating asymmetry is thought to re£ect developmental stability (Palmer 1994 ; but see Graham et al. 1993) .
Whether FA is to a large extent heritable and re£ects quality at the individual level is controversial (pro: MÖller & Swaddle 1997; MÖller & Thornhill 1997a ,b, 1998 MÖller 1997; contra: Clarke 1998; Markow 1997; Palmer 1999; Palmer & Strobeck 1997; Whitlock & Fowler 1997) . Both proponents and opponents agree that in order to be reliable studies of asymmetry must be performed carefully, especially because the amount of asymmetry is usually very small. Palmer & Strobeck (1986) and Palmer (1994) give three criteria that studies of asymmetry should ful¢l, as follows.
(i) An assessment must be made of measurement error.
FA is, by de¢nition, small, and it can therefore have a size similar to that of measurement error. Because measurement error £uctuates between left and right, it is easily confounded with FA. (ii) The amount of asymmetry may be related to trait size (see, for example, Windig 1998) . If so, then this e¡ect must be controlled; otherwise, a relationship between FA and quality may be entirely due to trait size. (iii) The type of asymmetry must be determined. In directional and anti-symmetry a number of the indices used to quantify FA are not reliable. Moreover, non-£uctuating asymmetry may be under natural selection.
In £uctuating asymmetry, natural selection may also play a role. The best documented cases are the wings and tails of birds. MÖller (1992) reported that males of the swallow (Hirundo rustica) with symmetrical wings and symmetrical, elongated tail feathers were preferred by females. Balmford et al. (1993) , however, reported that more symmetrical males are aerodynamically superior, and that female preference might well be for better £yers instead of against asymmetrical males. In insects, information on the relationship between asymmetry and £ight performance is scarce (but see McLachlan 1997). Here we report on asymmetry in the wings of the speckled wood butter£y. We test whether asymmetry di¡ers between males and females, and between males that di¡er in territorial behaviour.
METHODS

(a) Study species and breeding
The study species was the Southern European subspecies of the speckled wood butter£y, Pararge aegeria aegeria. The individuals used in this study were the ¢rst two generations raised in the laboratory from 22 females caught in November 1997 around Funchal on the Atlantic island of Madeira (Portugal). First-generation larvae were raised individually on tufts, and second-generation larvae in pairs on potted plants (second generation) of the grass Dactylis glomerata. Altogether 359 adults with fully intact wings, needed for reliable analysis of asymmetry, were raised.
(b) Measurement of traits
The area, length and width of each of the fore-and hindwings were analysed (¢gure 1). Wing length was measured from the root of the wing to where the vein R5 (forewing) or Cu2 (hindwing) reached the edge. Wing width was measured along the edge of the wing from vein 2V to R3 (forewing) or 2V to Rs (hindwing) (see Mason et al. (1967) for the position of the veins). An image analyser consisting of a JVC TK 5066E camera and a Leica image analysis system was used for the measurements. Measurements were performed semiautomatically with the help of a program written in the Qwin image analysis software (produced by Leica, Cambridge, UK). Wings were detached from the body before measurement, by carefully cutting their connection to the body at the root of the wings. The program automatically thresholded a wing from the background for the area measurement (area is calculated by the number of pixels converted to square millimetres). Start and end points for width and length were indicated manually on the monitor. Both were more than 400 pixels in length so that pixellation error (as warned of in Palmer (1994)) was not large. Measurement results were sent to a spreadsheet without the person operating the program being able to inspect them.
To quantify measurement error, 50 individuals were measured twice. The repeated measurement included frame grabbing. The largest source of error, especially for area and colour measurements, appeared to be variation in illumination. Because left and right wings were recorded sequentially with, at most, a minimal change in illumination, measurement error in asymmetry was probably somewhat overestimated by the repeated measurements procedure. To minimize the in£uence of variation of illumination, light intensity was standardized at the start of each session by measuring the same wing until it reached a standard value. Care was taken to ensure that the directional asymmetry found in some traits was not the consequence of a slight bias in the system. Change in the order in which left and right wings were measured did not in£uence the asymmetry, nor did the position of the wings in the image, or whether wings were measured with the dorsal or the ventral side facing upwards.
The colour of the wings was measured in the basal part of the forewings. This part is the most important for thermoregulation (Kingsolver 1987; Wasserthal 1975) . In P. aegeria two types of mate-locating behaviour occur: patrolling and perching (Van Dyck et al. 1997) . These types of mate-locating behaviour are related to the basal colour of the wings. Pale males are predominantly territorial perchers: they defend sunny spots against other males. Dark males are predominantly patrollers: they patrol in the wood in search of females. The di¡erence in colour is related to di¡erences in thermoregulation needed in sunny spots and shaded woods (Van Dyck & Matthysen 1998) . The colour of the wings was measured as the average grey value, which ranged from 0 (black) to 255 (white).
(c) Statistical analysis
Measurement error was analysed by the methods of Palmer & Strobeck (1986) and Palmer (1994) . A repeated-measures ANOVA was employed for the 50 individuals that were measured twice, with individual, side, and their interaction as factors. The side mean square (MS) was divided by the interaction MS to obtain an F-value indicating whether signi¢cant directional asymmetry was present. Interaction MS divided by the error MS yielded F-and p-values, indicating whether the asymmetry was signi¢cantly larger than measurement error. Kurtosis was calculated to test for the presence of platykurtosis, which is an indication of antisymmetry. From the mean squares in the ANOVA the FA10 index of Palmer (1994) was calculated; this index gives half the variance of the signed di¡erence between left and right (L7R) corrected for measurement error. The uncorrected variance (FA4 of Palmer 1994) was also calculated, both for the 50 individuals measured twice, and for all 359 individuals. FA3, the average unsigned di¡erence between left and right, or asymmetry as a percentage of trait size, was also calculated to facilitate comparisons with other studies. All calculations were performed separately for males and females.
The relationship between colour and asymmetry was analysed in two ways. To take into account the continuous nature of both colour and asymmetry the correlation between the absolute value of L7R and colour was calculated for the entire sample of males. A similar analysis is described by Rowe et al. (1997) , to analyse the relationship between asymmetry and trait size, although they report that such an analysis has a low power of detecting a relationship. There is no gap that clearly demarcates territorial and non-territorial males. To be on the safe side we assumed that the most melanic quartile were nonterritorial males whereas the palest quartile were territorial males. Amount of asymmetry measured as the variance of L7R was compared by an F-test for pale and melanic males. The average L7R was compared with a t-test to test for a di¡erence in directional asymmetry. 
RESULTS
(a) Type of asymmetry and measurement error
For all traits measurement error was low compared with asymmetry (table 1). Directional asymmetry was signi¢-cant only in males for forewing area, hindwing area, and forewing width. Correlation of asymmetry with trait size was not signi¢cant for any trait (table 1) . Hence no correction for trait size was needed. Kurtosis was positive for all traits, so there was no evidence of antisymmetry.
(b) Amount of asymmetry
For all traits, asymmetry was about 1% of trait size and the di¡erence between males and females was about ten times larger (table 2). Variance of L7R (FA4) was similar whether measured on the 50 repeated-measure individuals, or on all 359 individuals. Variances corrected for measurement error (FA10) were, on average, 4.2% lower for wing areas and 14.9% lower for linear measurements (table 2). The degree of asymmetry was signi¢-cantly larger in females for wing areas and wing length (up to 7.5% of trait size), because extremely asymmetrical males do not exist, and because more males than females with an asymmetry close or equal to zero exist (¢gure 2).
(c) Relationship with colour
In males the asymmetry of wing area was related to colour. Despite its relatively low power, the correlation between colour and asymmetry was signi¢cant for forewing area (r 70.1734, p 0.0412; ¢gure 3). It was not signi¢cant for hindwing area (r 70.1056, p 0.231). Asymmetry was on average larger in melanic males. The di¡erence in asymmetry between the 25% darkest and 25% palest males (¢gure 3) was signi¢cant for forewing area (two-sided F-test: F 2.125, p 0.0280; ¢gure 3), but not for hindwing area (F 1.640, p 0.1703). Directional asymmetry was not signi¢cantly higher in pale males (mean L7R: forewing area dark males 70.198, pale males 70.887, t 1.419, p 0.1605; hindwing area dark males 70.007, pale males 70.170, t 0.308, p 0.759). For all linear measurements and for all traits in females no relationship between colour and asymmetry could be detected.
DISCUSSION
Males and females of P. aegeria di¡er with respect to wing asymmetry in two ways: directional asymmetry occurs in males, but not in females, and the average asymmetry is larger in females. The di¡erence between the sexes is remarkable: there is no clear reason to expect di¡erences between the sexes. In another butter£y, the peacock (Inachis io), no di¡erence in FA was found between the sexes. Di¡erences in FA between sexes in other organisms have been found. For example, MÖller & Hoglund (1991) found that asymmetry was higher in males than in females in ornamental traits of birds, and BrÏckner (1976) and Clarke et al. (1992) found higher levels of asymmetry in male haploid bees than in diploid females. In butter£ies haploidy^diploidy cannot explain the di¡erence between sexes, because both sexes are diploid (females are the heterogametic sex). Speckled wood butter£ies do not possess clearly ornamental traits, either, so the di¡erence has to be explained elsewhere. Di¡erences in quality or ¢tness are often thought to be related to di¡erences in FA (MÖller & Swaddle 1997) , although this relationship is not uncontroversial (see, for example, Clarke 1998). The fact that stress may increase asymmetry is less controversial (Whitlock & Fowler 1997) . Fitness cannot di¡er between males and females, nor could the amount of food-plant stress di¡er between the sexes in this study, because they were raised simultaneously on the same food plants. However, growth rate may di¡er between the sexes, and growth rate in turn may in£uence FA (discussed in Clarke 1998; MÖller 1997) . In this study growth rate in the larval stage was signi¢-cantly higher in females (5.4 mg d À1 ) than in males (4.9 mg d À1 ; t 4.98, p 5 0.0001). For the trait that di¡ered most in FA between the sexes, forewing area, growth rate was signi¢cantly, negatively correlated with FA (unsigned di¡erence between the left and the right wings) in females (r 70.187, p 0.0157), but not in males (r 70.008, p 0.920). The relationship of growth rate with FA is thus opposite across sexes and within females. The di¡erence in the correlation of growth rate with FA between the sexes is intriguing; it suggests that males have mechanisms which avoid the production of extremely asymmetrical individuals even if their growth rate is slow.
The presence of directional asymmetry in males but not in females also indicates that a di¡erence in asymmetry between the sexes is not merely a by-product of stress or of di¡erences in growth rate. Palmer (1994) points out that adaptation is likely to be involved in directional asymmetry, and that these types of asymmetry are likely to be under genetic control. Interestingly, in bees there is also a di¡erence between males and females in the shape of the wings; this di¡erence is directional rather than £uctuating (Smith et al. 1997) . Klingenberg et al. (1998) reported directional asymmetry for wings of several £ies, but they did not distinguish between males and females. The presence of directional asymmetry in this study for forewing width, but not for forewing length, suggests that directional asymmetry is present in males not only for size, but also for shape.
The di¡erence in asymmetry between pale, territorial males and melanic, non-territorial males resembles the di¡erence between males and females. Non-territorial males are more asymmetrical, and asymmetry in territorial males tends to be directional, although the di¡er-ence in directionality was not signi¢cant. Melanism in both the map butter£y (Araschnia levana) and the peacock butter£y (I. io) is related to growth rate, possibly because of trade-o¡s (Windig 1999) . The correlation between colour and growth rate is also signi¢cant in this study (males: r 0.187, p 0.0172; females: r 0.344, p 5 0.0001). The di¡erence between pale and melanic males is, however, opposite to that between females and males: pale males have a high growth rate and low FA, whereas females have a high growth rate and high FA. The resemblance between asymmetry of melanic males and females may thus be linked to the absence of territorial behaviour in both females and melanic males.
Territorial males are frequently involved in disputes, in which they form so-called`spinning wheels'. Two ¢ghting males circle round each other and each tries to get on top to bounce the other male away (Austad et al. 1979; Wickman & Wiklund 1983) . Fast £ight and good manoeuvrability are thus very important for territorial males. A probable e¡ect of variation in symmetry in wings in butter£ies is that asymmetrical individuals cannot £y very well in a straight line. This implies, however, that they may make sharper turns in one direction. This, in turn, may give slightly asymmetrical males an advantage over symmetrical males in territorial disputes. This leads to the prediction that the direction of turning in males will be biased. A pilot analysis of ¢lms made in 1982 of P. aegeria from Sweden (Wickman & Wiklund 1983) showed no bias in the turns males made (89 clockwise, 72 anticlockwise (1 2 1 1.795, p 0.180). This analysis included all the di¡erent £ights that were made. However, the most relevant £ight pattern, thè spinning wheel' employed in territorial disputes, could only be analysed once. This one`spinning wheel' consisted of ten clockwise turns and two in an anticlockwise direction. Turns in a spinning wheel are not independent: once the butter£ies start turning in one direction, it is probably di¤cult to change the direction of turning. In future studies it therefore would be best to analyse the number of spinning wheels that turn predominantly in one or the other direction.
Relationships between wing asymmetry and £ight performance have been evaluated for birds (Balmford et al. 1993; Swaddle 1997; Thomas 1993) . Asymmetry leads to higher energetic costs of £ight and poorer manoeuvrability. Butter£ies £y, however, quite di¡erently from birds. They have shorter and broader wings, and thus a low aspect ratio, compared with birds; this characteristic is associated with slower but more agile £ight (Betts & Wootton 1988; Dudley & Srygley 1994) . Moreover, they cannot adjust the area of their wings to compensate for asymmetry as birds can by spreading their wings and feathers more or less. Research on the relationship between asymmetry and £ight in insects is scarce. Only McLachlan (1997) reports that in midges £ight duration reduces, wing-beat frequency decreases and wing-beat amplitude increases when asymmetry is increased by snipping part of one of their wings. Mating success is also reduced in asymmetrical male midges.
This study underscores the importance of analysing whether asymmetry is directional rather than £uctuating before accepting asymmetry as a measure of quality. Indeed, it seems important to go one step further and ¢rst consider whether asymmetry (whether £uctuating or directional) itself might be under the in£uence of natural selection. A likely, but maybe not the only, explanation for the DA found here is that it is an adaptation to £ight in territorial disputes. It will be interesting to evaluate whether the di¡erence in wing shape between males and females in bees (Smith et al. 1997 ) might be the consequence of natural selection rather than haploidy in males. The hypothesis that natural selection, because of £ight performance in territorial disputes, has reduced asymmetry implies that there is a genetic basis for asymmetry. An interesting question then is why females and darkly coloured males have higher levels of asymmetry than territorial males. Systems must be operating that reduce asymmetry in pale males, but are not employed in females or dark males; this observation suggests that these systems are costly to operate, and thus that there may be a cost to symmetry. Finally, the practice of abandoning further research on a trait when directional asymmetry is found may prevent the uncovering of interesting relationships between natural selection and asymmetry.
